Abstract-This paper presents a new approach to control the operation of the unified power-flow controller (UPFC) based on the adaptive neurofuzzy inference controller (ANFIC) concept. The training data for the controller are extracted from an analytical model of the transmission system incorporating a UPFC. The operating points' space is dynamically partitioned into two regions: 1) an inner region where the desired operating point can be achieved without violating any of the UPFC constraints and 2) an outer region where it is necessary to operate the UPFC beyond its limits. The controller is designed to achieve the most appropriate operating point based on the real power priority. In this study, the authors investigated and analyzed the effect of the system short-circuit level on the UPFC operating feasible region which defines the limitation of its parameters. In order to illustrate the effectiveness of the control algorithm, simulation and experimental studies have been conducted using the MATLAB/SIMULINK and dSPACE DS1103 data-acquisition board System transmission angle.
I. INTRODUCTION
T HE unified power-flow controller (UPFC) is the second generation of the flexible ac transmission systems (FACTS) devices that is able to provide series and shunt compensations in transmission systems. Since the proposal of the UPFC in 1992 [1] , there has been increasing interest in finding a suitable control method to suit a range of system operating conditions [2] .
In previous studies, various controllers have been proposed to regulate the operation of the UPFC. Cross-coupling proportional-integral (PI) controllers are proposed to minimize the interaction between the real and reactive power flow [3] . In addition, the use of decoupling PI controllers with a predictive internal control loop has also been investigated in order to reduce the effect of harmonics in the current measurement [4] . A hybrid (direct coupling and cross coupling) PI controller was suggested to dampen the transient power fluctuation caused by the controller [5] . A common limitation of PI controllers is that they do not always perform satisfactorily over a wide range of operating points. This is caused by the control parameters being determined based on certain system conditions. The robust control theory based on has been used in the UPFC controller design [6] . This requires a defined mathematical model of the power system, including the UPFC, and, consequently, the required online computation to solve the optimization equations is intense. Methods based on fuzzy control theory have also been proposed [7] - [9] . Despite the qualitative approach that enables fast response and stable operation, a drawback of these methods (using fuzzy logic) is that the chosen membership functions are not adapted according to the system operating condition.
An adaptive neurofuzzy inference system (ANFIS) combines the fuzzy qualitative approach with the adaptive capabilities of neural networks to achieve improved performance [10] . Compared to a standard fuzzy-logic controller, a control system based on this concept can be trained without significant expert knowledge.
For the purpose of this study, the UPFC is modelled as two controllable voltage sources. Each source is split into two orthogonal components that are used to independently regulate the real and reactive power flow in the transmission line by controlling the series part of the UPFC. The bus voltage and real power exchange between the series and shunt inverters is regulated by the shunt part of the UPFC. Hence, four control loops are simultaneously used at every sample to achieve the required control action. In this study, an adaptive neurofuzzy inference controller (ANFIC) is adapted for the UPFC. The training data are generated from the relationship between the change in the real and reactive power and the corresponding UPFC control variables, which can be derived analytically, based on the power system parameters. The control variables are the levels of the inserted voltage components referenced to the system busbar voltage at which the UPFC is connected. When the desired operating point of the power system would cause the UPFC to violate its voltage and/or current limits, the controller responds according to a real-power priority logic. As a result, the best acceptable operating point is achieved for the power system while the UPFC remains within its operating limits. The impacts of the system fault level on the system operating area are also analyzed. The designed controller is tested using a UPFC computer model in the MATLAB/SIMULINK environment. The results illustrate the effectiveness of the proposed controller to achieve the desired performance. Experimental results obtained by implementing the ANFIC on a DSP dSPACE ds1103 data-acquisition (DAQ) system are also presented; the experimental results agree with the simulation results.
II. UPFC MODE OF OPERATION AND MODELING
There are different modes of operation for each of the inverters constituting the UPFC [11] - [13] . In this paper, the following constraints to the modes of operation are considered when designing the UPFC control system:
• For the series compensation inverter, the phase and magnitude of the inserted compensation voltage are controlled in order to maintain or vary the active and reactive power flow in the transmission line within a predetermined region: this is known as an automatic power-flow mode of operation.
• For the shunt inverter, an automatic voltage-control mode is considered (i.e., the inverter is operated to absorb or generate certain amounts of reactive power to regulate the bus voltage at which the UPFC is connected). The single-phase equivalent circuit of a simplified transmission system, including a transmission line and two voltage sources ( and ), as shown in Fig. 1 , is used in the present study. The UPFC is modelled as two controllable voltage sources; represents the series inverter while represents the shunt inverter. Two perpendicular components: one in-phase with the system bus voltage and the other in quadrature (as shown in Fig. 2 ) are used to represent both compensation voltages generated by each inverter of the UPFC.
III. SYSTEM OPERATING REGION

A. Series Inverter Operating Region
Considering the effect of the series compensation voltage only, and referring to the phasor diagram given in Fig. 2(a) , it can be shown that the per-unit change (VA base is ) of real and reactive power flow as a function of the series-inserted voltage components may be expressed as [9] (1)
where and are the relative amplitudes of the in-phase and quadrature components of the inserted voltage, respectively. is the system transmission angle which can be obtained by using online state estimation.
The appropriate values of and corresponding to the desired change of the real and reactive power may be obtained by solving (1) and (2) . Real roots for and require the inequality in (3) to be satisfied [9] (3)
This inequality represents the feasible region, assuming an unlimited inserted voltage and an ideal UPFC. The area is characterized by the system transmission angle as shown in Fig. 3, for and . In practice, as discussed in [14] , there are several constraints that limit the UPFC operation:
• VA rating of the series inverter which is determined by the maximum line current and the maximum inserted voltage; • VA rating of the shunt inverter which is determined by the real and reactive power exchange between the inverter and the ac system; • the line voltage at the UPFC right side (in volts);
• the system short-circuit level. These limits are determined based on the transmission system topology and power demands. The line current and line voltage at the UPFC right side can be controlled by the series compensation voltage; therefore, these limits are mainly reflected in the maximum inserted voltage. During operation of the UPFC, before a control limit is exceeded, the controller is required to find an appropriate operating point within the system feasible limits. The solution depends on the system operating conditions, and neurofuzzy techniques are inherently advantageous in such a decision-making process. Thus, in this research, the authors investigated the effect of maximum inserted voltage on the system feasible region.
From (1) and (2), the per-unit change in real and reactive power in the transmission system can be rewritten as (4) (5) where and . By eliminating from (4) and (5), the relationship between the real power deviation and the reactive power deviation in terms of the inserted voltage can be obtained and is shown graphically in Fig. 4 . As an example, the cases when 0.25 p.u. and 0.35 p.u. for a system transmission angle are considered. This figure shows that the feasible operating area is defined by the maximum inserted voltage, which is determined by the VA rating of the series inverter. Inside this area, it is possible to find a combination of and that gives the required real and reactive power. shows that determines the maximum possible per-unit change in the real power. Further analysis conducted by the authors shows that this occurs when the angle has a value of .
B. Effect of the System Short-Circuit Level
The performance of FACTS devices (including the UPFC) depends on the network configuration beyond the busbar at which the device is connected. As shown in Fig. 1 , the system short-circuit level (SCL) is determined by the reactance KX series with the system sending-end voltage . Obviously, the system's fault level decreases as the factor K increases (i.e., the system becomes weak), while a strong system has a small value of K. Referring to the vector diagram given in Fig. 2(a) , introducing the system reactance KX into the active and reactive power-flow equations (with the assumption that the UPFC shunt part is supporting the system bus voltage so that ) yields
where , and . Hence, the effect of the system short-circuit level is to reduce the feasible area, as shown in Fig. 5, for 0, 0.1, and 0.5.
IV. ANFIS
Fuzzy-logic controllers play an important role in many practical applications. However, there are no standard methods for transforming human knowledge into the rule base of the fuzzy inference system. Hence, the selection of the size, type, and parameters of the input and output membership functions has often been achieved via trial and error. There is a real need for effective methods of tuning the membership functions and reducing the rule base to the minimum essential rules. The ANFIS was developed to overcome the aforementioned difficulties. ANFIS combines the fuzzy qualitative approach with the adaptive learning capabilities of the neural network; hence such a system can be trained without a great amount of expert knowledge usually required for the standard fuzzy logic [15] . As a result, the rule base can be reduced. A typical architecture of ANFIS based on the first-order Takagi-Sugeno model is shown in Fig. 6 , with a two-input (x, y) and one-output (f) fuzzy system. The architecture is expanded as follows:
and then where and represent the linguistic variables of the corresponding input membership functions (MF). , , and are the parameters of the output membership functions. The parameters of the input and output membership functions are determined during the training stage. ANFIS consists of five layers, each layer has either fixed nodes (that have no parameters to be tuned) represented by a circle or adaptive nodes (that have parameters to be tuned during training) represented by a square as shown in Fig. 6(a) , with the inference system presented in Fig. 6(b) . The output of the five layers, which emulate fuzzy system design steps, is given as follows [10] :
The objective of the learning algorithm is to adjust all of these parameters to make the ANFIS output best match the training data. A hybrid learning strategy [gradient descent (GD) and least squares estimate (LSE)] can be applied to identify the network parameters. The GD method is used to update the antecedent membership function parameters, and the LSE method is used to identify the consequent parameters.
V. ADAPTIVE NEUROFUZZY INFERENCE CONTROL (ANFIC) OF THE UPFC SERIES INVERTER
As shown in Fig. 6 , the ANFIC is based on the first-order Takagi-Sugeno model and enables only a single output. ANFIC has been used to train the gain-scheduling controller for a power system [16] . Five linear quadratic regulator (LQR) controllers have been designed, and the ANFIC controller is trained to choose the most suitable controller depending on the current system operating point. As discussed in Section III, the series part of the UPFC system used in the present study has two control variables and to control the real and reactive power flow. This implementation therefore requires the design of two independent fuzzy systems-one for each control variable. Both systems have the same inputs and the same structure.
A. Training Data Generation
To train the ANFIC, there is a need to generate two sets of data: input data and the corresponding output data. The training input data are two vectors of the deviation in real power and the deviation in the reactive power within the system feasible region. The training output data are the two components of the corresponding series-inserted voltage and .
By rearranging (1) and (2), the inserted voltage-control parameters and may be obtained as a function of the changes in the real and reactive power flow in the transmission line (13) (14) where 1, and
The training data for and can be generated for the required maximum inserted voltage. The values are independent of the transmission-line reactance as and are expressed in per unit based on .
B. Real Power Priority
During normal operation, the power system operating point falls within the defined feasible region. During certain operating conditions, the system desired operating point might fall outside the feasible region defined by the UPFC capabilities given in Fig. 4 . In this case, the inserted voltage of the series inverter would exceed its design limit. The system controller is required to move to a new operating point to avoid this violation. As shown in Fig. 7 , the new operating point must be within the feasible region circumference, which satisfies the maximum inserted voltage. The exact operating point may be chosen according to the reactive power priority or real power priority.
In the first case, the angle of the inserted voltage is obtained so that the reactive power is identical to the requested value regardless of the real power. Due to the reactive power support capability of the UPFC shunt inverter, the second approach (i.e., real power priority) is considered here to determine a suitable operating point. Therefore, the angle of the inserted voltage is changed until the real power reaches the required value of the maximum achievable . This angle can be calculated by using (4).
Referring to Fig. 7 , the required change of active power is (15) By equating the change in real power in (4) and (15) for , the required angle can be found as (16) Based on this analysis, the values of the control variables defined by (13) and (14) are updated to include the uncontrolled region when it is beyond the UPFC capability to follow the desired changes in real and/or reactive power.
C. ANFIC Training
The training data are based on (13)- (16) . The tuning algorithm discussed in Section IV is used to modify the premise and consequent parameters of the neurofuzzy network (shown in Fig. 6 ) to match the training data. Each input range is initially partitioned into 11 triangular (MFs) with a 50% overlap. Therefore, 121 rules for each control variable are obtained. The training procedure in this research is achieved by using the MATLAB/FUZZY Logic Toolbox. The mean square error (MSE) between the target values of each control variable and the trained ANFIC output is relatively small as shown in Fig. 8 , for and .
A test data set (different from the training data) is generated to validate the ANFIC learning algorithm for each control variable. Fig. 9 shows the output of the ANFIC, driven by the validation data and the target of the control variables and . It is clear that the trained ANFIC gives interpolated results very close to the target at nontrained pairs, as the MSE over the whole tested set is 4.8e-4. and 1.7e-4 for and , respectively.
VI. CONTROL OF THE SHUNT INVERTER
The function of the shunt part of the UPFC is to supply the real power demand of the series inverter and to support the system bus voltage. With reference to Fig. 2(b) , the real and reactive power flow of the shunt branch can be derived as (17) (18) where and are the in-phase and quadrature components of the shunt inverter output voltage with respect to .
The active power demand of the series inverter should be within the rating of the shunt inverter. The difference between the VA rating of the shunt inverter and the real power demand of the series inverter can be used to exchange the reactive power with the transmission system in order to enhance the UPFC voltage-control capability.
By rearranging (17) and (18), the control parameters of the shunt inverter and may be obtained as (19) (20) where is the real power exchanged between the series inverter and the ac system.
It is clear from (19) and (20) that there is a direct relationship between the shunt inverter voltage components and and ( and ), respectively. In order to increase the shunt inverter controller sensitivity, the error signal produced by or is used to define the quadrature control signal ; this will indirectly guarantee the stability of the dc-link voltage. The bus voltage deviation from its setpoint is used to define the in-phase component . In this work, a fuzzy-like PI controller (a controller created from fuzzy rules but behaves like a standard PI controller) is used to control the operation of the shunt inverter [9] .
VII. SYSTEM SIMULATION
The system shown in Fig. 1 is simulated in MATLAB in order to investigate the performance of the suggested ANFIC to regulate the UPFC under different operating conditions ( , , and are 1 p.u. and 0.15 p.u.). Two cases are described here to illustrate the capability of the UPFC to independently control the active and reactive power flow in the transmission line. A PI controller is used in each case for the assessment of the proposed ANFIC controller, and the PI control parameters are designed in order to limit the maximum overshot during the transient period and to reduce the interaction between the real and reactive power-control loops. Case 1) In this case, the set (desired) and the actual operating points are always inside the feasible control area. The system is tested for two different short-circuit levels, as shown in Fig. 10 . The system is controlled to make a step change in the reactive power while keeping the active power constant. The active power is then subjected to a step change while the reactive power is fixed. It is obvious from the simulation results that the proposed controller shows good performance in independently controlling the real and reactive power flow. The system response when using the neurofuzzy controller is almost identical to the PI controller in achieving the real power level and reducing the interaction between the active and reactive power flow, in particular for the active power-control loop. Comparing the response in the two graphs, the ANFIC speed of response is less sensitive to the change in the system fault level, while the PI controller has a slightly slower response for low short-circuit levels. This can be modified by choosing appropriate gains. The figure also shows the capability of the UPFC to regulate the bus voltage at which the shunt inverter is connected regardless of the controller type for the shunt inverter. Case 2) In this case study, the behavior of the controller is tested when the design rules are violated. The desired and actual system operating points considered in this case are shown in Fig. 11 , where points 1 and 3 are located inside the controlled region while points 2 and 4 are outside. Based on the training criteria, the ANFIC controller moves the operating point from outside the feasible operating area to the circumference of the area based on the real power priority. As discussed in Section V-B, the operating points, which are outside the feasible area, are included in the training data set of ANFIC. Therefore, the controller response is inherently optimized; that is, it changes the reactive power while keeping the real power at the desired level as well as maintaining the bus voltage constant, as shown in Fig. 12(a) . It is clear that the PI controller makes the system converge to an undesired steady-state point, especially for the active power-control loop. This new state is determined only by the limit of the magnitude of the injected voltage components. It is also clear from Fig. 12 , that the PI controller produces a long converge time from point 2 to the desired operating point 3 which is located inside the feasible region. In order to clarify the capability of the PI controller and to obtain a fair assessment of the ANFIC controller, a power-flow optimizer is designed for the PI controller to give it the ability to choose the best acceptable operating point when the system limits are violated. This is shown in Fig. 12(b) , where the operation of ANFIC and optimized PI controllers is almost identical.
VIII. EXPERIMENTAL RESULTS
The laboratory test rig of a simplified transmission system incorporating a UPFC used in this work is shown in Fig. 13 . This is similar to the system given in [17] with the exception that, in this study, the shunt inverter is controlled to support the bus voltage and maintain the dc-link voltage at a constant level. In [17] , a shunt rectifier is used to maintain the dc-link voltage, which means that only the UPFC series inverter capability is investigated. The system parameters are 50 V, 50 Hz, 8.76, 1000 F and 80 V. In the experimental model, and are the voltages at the sending and receiving ends of the transmission line, respectively. Each inverter is a six-pulse PWM inverter and connected to the ac system through an appropriate transformer. The switching frequency of both inverters is set to 9 times the system frequency in order to eliminate the even and triplen harmonics.
A phase-shifting transformer, which consists of a three-phase transformer and a three-phase slider regulator is employed to simulate a difference in the phase angle between and . The phase-shifting transformer injects a 90 leading voltage with respect to , and the phase angle of is set to 6 . A block diagram of the test setup is shown in Fig. 14 .
In this study, the controllers are designed in MATLAB/ SIMULINK and the host computer is interfaced with the UPFC experimental setup through the ControlDesk software of dSPACE ds1103 DAQ board. ControlDesk provides the functions to download the controller to the DAQ board, to monitor and automate the experiments on real-time bases. The dS1103 is a single DAQ board with a digital signal processing slave processor [18] . To match the real-time implementation of the ANFIC controller, a step size of (i.e., 277.77 e-6 Sec-8 samples per switching cycle) is chosen as the sampling period of the input and output signals. This is chosen to avoid asynchronization of the generated pulsewidth modulation. To reduce the computation time of the ANFIC algorithm, the controller inputs are designed to have only seven membership functions for each input. The shunt controller's parameters are adjusted by using first-order Takagi-Sugeno fuzzy-like-PI controllers. The three-phase PWM generator of the slave DSP on the main board (dSPACE ds 1103) generates the PWM for the series inverter. The shunt inverter switching pattern is obtained by three single-phase PWM generators on the main board. Fig. 15 shows the experimental waveforms for a step change in active and reactive power flow. It is clear from the results that the UPFC controlled by a PI controller or the ANFIC algorithm is capable of independently controlling the active and reactive power, in addition to controlling the dc link and supporting the system bus voltage. The response of the PI controller is slow and requires adequate online tuning of its gains (proportional and integral). However, this is not the case for the ANFIC since it is already trained to provide optimal response without gain adjustment. 
IX. CONCLUSION
In this paper, an ANFIC is proposed to control the series part of the UPFC based on the relationship between the required power flow and the inserted voltage components. The space of training data was partitioned into two regions. The inner region satisfies the limit of the VA rating of the UPFC inverter. The outer region represents the UPFC control variables when it exceeds the limits of operation. The effect of the system short-circuit level on the operating feasible region has been investigated. Different scenarios have been studied to demonstrate the capability of the UPFC to independently control the real and reactive power flow. The robustness of the proposed controller has been evaluated for a wide range of operating conditions, including those which are possible in actual systems (e.g., 10%-20% change in power flow) and other extreme cases which may occur under abnormal conditions. Simulation and experimental results show that the ANFIC controller can perform better than a PI controller for different operating conditions regardless of the location of the operating points (inside or outside the operating area). Also, the ANFIC controller minimizes the interaction between the real and reactive power flow. The real power priority concept is introduced in this paper to define the most appropriate operating point when system limits are violated. The analytical procedures presented in this paper are verified by simulation and experimental work. The results presented show good agreement between the experimental and simulation results.
